Background: The transport of polyunsaturated fatty acids (PUFAs), such as arachidonic acid (ARA,) and docosahexaenoic acid (DHA,, to the fetus from maternal stores increases depending on the fetal requirements for PUFA during the last trimester of pregnancy. Therefore, maternal blood PUFA changes physiologically with gestational age. However, the changes in PUFA levels in maternal blood erythrocytes during pregnancy and after childbirth have not been fully investigated in a fish-eating population. Objective: To examine the changes of ARA and DHA levels in maternal erythrocytes with the progress of pregnancy and the relationship between maternal and umbilical cord erythrocyte PUFA levels in pregnant Japanese women who habitually eat fish and shellfish. Design: This study was performed as a part of the adjunct study of the Japan Environment and Children's Study (JECS). The participants were 74 pregnant women. The maternal blood samples were collected at 27, 30, and 36 weeks of pregnancy, and 2 days and 1 month after delivery, and umbilical cord blood was collected at delivery. The fatty acid levels of erythrocytes in these blood samples were determined. Results: ARA and DHA levels in maternal erythrocytes tended to decrease with the progress of pregnancy. While the DHA level decreased further after delivery, the ARA level returned to the value at 27 weeks of pregnancy within 1 month after delivery. The n-3 and n-6 PUFA levels in maternal erythrocytes at 27, 30, and 36 weeks of pregnancy were significantly positively correlated with the corresponding fatty acid levels in umbilical cord erythrocytes. Conclusion: The present findings showed a significant change in erythrocyte PUFA levels during pregnancy and after childbirth in a fish-eating population. The PUFA levels of maternal blood after the second trimester may be a reliable marker for predicting PUFA levels in infants' circulating blood.
Introduction
Polyunsaturated fatty acids (PUFAs), such as arachidonic acid (ARA, 20:4n-6) and docosahexaenoic acid (DHA, 22:6n-3), are essential structural components of cell membranes of the brain and retina [1] . DHA is especially important for normal nervous and visual function, and it is known that DHA is accumulated rapidly in the fetal retina and brain during the last trimester of pregnancy [2, 3] . The results of previous studies have suggested positive associations between fetal blood or tissue DHA contents, which could be supplied from maternal stores during pregnancy, and neurological and motor functions in later life [4, 5] . Therefore, it is very important that maternal stores be large enough through maternal dietary DHA intake during pregnancy.
Japanese people habitually eat fish and shellfish that are rich in n-3 PUFAs including DHA [6, 7] . According to the National Health and Nutritional Survey of Japan [6] , the mean intake of fish and shellfish by adults aged 20 years and over was 81.7 g/day for men and 67.8 g/day for women. In the dietary records, together with photographic records of 28 consecutive days, we have previously demonstrated that the mean fish intake of young women of about 20 years of age was 42.8 g/day, and the DHA composition of erythrocyte phospholipids measured simultaneously was 6.1% [7] . In addition, it has been reported that the erythrocyte DHA composition in Japanese people was 7.0% in less than 35-year-old males [8] , 6 .4% in 20 to 60-year-old women [9] , and 7.9% in middle-aged men and women [10] . It has been widely shown that there is an association between dietary n-3 PUFA intake and n-3 PUFA composition in blood [11] [12] [13] [14] . Lands [15] showed a positive correlation of the percentage of n-3 fatty acids in blood 20-and 22-carbon PUFAs and the daily menu balance values determined by the balance of n-6 and n-3 fatty acids (en%) in food; the daily menu balance value of traditional Japanese foods was highly positioned, next to that of Greenland. Thus, it is clear that Japanese people sustain high blood levels of DHA due to habitual intake of fish and shellfish.
Several previous studies indicated that maternal PUFA levels in blood change uniquely during pregnancy and after delivery [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . A typical previous study showed that maternal plasma essential fatty acid (EFA) and PUFA levels decreased continuously throughout pregnancy [16] . This was considered to be due to the rapid increase of EFA and PUFA transfer to the fetus from the maternal stores to satisfy fetal requirements for EFAs and PUFAs during the last trimester of pregnancy [16, 19, 27] . Since maternal blood fatty acid levels change physiologically with gestational age, it is necessary to know how maternal blood fatty acid levels during pregnancy affect fatty acid levels in newborn circulating blood at delivery. Most previous publications have investigated DHA levels in maternal erythrocytes, with results generally of 2% to 4% [18] [19] [20] [22] [23] [24] [25] [26] . On the other hand, Markhus et al. [27] reported that the PUFA levels in blood in women during gestation and postpartum were 6.0%-7.2% in erythrocyte DHA, namely the values of this DHA were almost the same as in Japanese people in general. In this study, the maternal DHA status decreased from the last trimester of pregnancy to the time of lactation, and then increased from six months after delivery to one year. Although there are a few reports of study populations whose DHA status was comparatively high [27] , the longitudinal changes in PUFA levels throughout pregnancy and delivery should be confirmed in a population that consumes fish regularly.
The main purpose of this study was to examine the changes of ARA and DHA levels in maternal erythrocytes with the progress of pregnancy in pregnant Japanese women. In addition, we have been following a birth cohort study to examine the beneficial effects of maternal DHA on child development as an Adjunct study of a national birth cohort study, the Japan Environment and Children's Study (JECS) [28] . In these birth cohort situations, cord blood PUFA levels might be important for childhood growth and development. However, blood samples are sometimes lacking for various reasons during delivery. In this context, a method to estimate PUFA levels in umbilical cord erythrocytes based on PUFA levels in maternal blood is needed. Therefore, the second purpose of this study was to determine whether the PUFA levels of maternal blood during pregnancy can predict the PUFA levels in umbilical cord blood.
Materials and Methods

Study Design
The present study was performed as a part of the Adjunct study outlined in the JECS protocol paper [28] . The Adjunct study protocol was approved by the Ministry of the Environment [29] . The pregnant women (first trimester to 12 weeks of gestation) who visited antenatal hospitals in the research area of Miyagi Prefecture were initially recruited to JECS, and the JECS participants in the coastal area (3029 pregnant women) were further recruited into the Adjunct study. 
Blood Sampling
The pregnant participants were regularly examined in the antenatal clinic, and blood samples were drawn for routine gynecological check-ups at 27, 30, and 36 weeks of pregnancy, and 2 days and 1 month after delivery. When residual blood was available, it was used for this study. Cord blood was also collected from the umbilical cord vein immediately after delivery. All blood samples were collected into ethylenediaminetetraacetic acid (EDTA)-2Na-containing tubes. These samples were then taken to the analysis institution (Kagawa Nutrition University) at 4 • C within 4 days, and fatty acid levels were analyzed immediately on arrival.
Fatty Acid Analysis
Whole blood was centrifuged at 1600× g for 10 min to separate plasma and erythrocytes. The erythrocytes were washed twice with physiological saline, and the buffy coat was removed. According to the method of Rose and Oklander [30] , the erythrocyte lipid was extracted using isopropanol/chloroform. Briefly, distilled water with 0.1 mM EDTA-2Na was added to the erythrocytes and mixed. After 15 min, isopropanol was added slowly with mixing and allowed to stand for 1 h. Then, chloroform was added and mixed. After another hour, the lipid was transferred into chloroform-methanol 2:1 (v/v) and washed with distilled water with 0.9% KCl. The tube was centrifuged at 1600× g for 5 min, and the lipid extract was obtained in the lower phase. The individual lipid extracts were methylated using methanol hydrochloride, and then gas-liquid chromatography analysis of the fatty acid methyl ester levels was conducted, as described previously [31] .
Statistical Analysis
The fatty acid levels of erythrocytes in maternal and umbilical cord blood are expressed as percentages of the total fatty acids. Because the data were not normally distributed, data are presented as medians (interquartile range, 25th-75th percentiles). Comparisons between maternal and umbilical cord erythrocyte fatty acids were conducted using the Kruskal-Wallis test. To examine the longitudinal changes in maternal status, Friedman's analysis was conducted, followed by a post hoc analysis to identify significant differences between blood sampling periods using the Wilcoxon rank-sum test with Bonferroni correction. The relationships between maternal and umbilical cord erythrocyte fatty acids were examined by Spearman's rank correlation. The correlation coefficients were calculated only if the medians of the fatty acid levels were more than 1% in both maternal and umbilical cord erythrocytes, except for eicosapentaenoic acid (EPA, 20:5n-3).
Significance was defined as p < 0.05. All statistical analyses were carried out using the JMP software package, version 10.0 (SAS Institute Inc., Cary, NC, USA).
Results
Fatty acid levels in umbilical cord and maternal erythrocytes and the correlation coefficients for each corresponding erythrocyte fatty acid between umbilical cord and maternal erythrocytes at 27, 30, and 36 weeks of pregnancy and 2 days and 1 month after delivery are shown in Table 2 . Most fatty acid levels in maternal erythrocytes changed significantly during gestation and after delivery. The changes in ARA and DHA levels, which are essential nutrients for the fetus and infants, are also shown in Figure 1 . ARA and DHA levels in maternal erythrocytes tended to decrease with the progress of pregnancy, and the levels at 2 days after delivery were significantly decreased in comparison with the levels at 27 weeks of pregnancy. After delivery, the DHA level was also significantly decreased compared with that during pregnancy. However, the ARA level in maternal erythrocytes at 1 month after delivery was significantly higher than at 36 weeks of pregnancy and 2 days after delivery, and it returned to the value at 27 weeks of pregnancy within four weeks after delivery. The ARA and DHA levels in maternal erythrocytes at 1 month after delivery were not significantly different among breast-, bottle-and mixed-feeding (median values: 12.28, 11.37, and 11.91 for ARA, 7.12, 6.41, and 6.46 for DHA, respectively).
Levels of all fatty acids in the n-3 PUFA and n-6 PUFA groups and total n-3 PUFA and n-6 PUFA in maternal erythrocytes at 27, 30, and 36 weeks of pregnancy and 2 days and 1 month after delivery were significantly positively correlated with those of the corresponding fatty acids in umbilical cord erythrocytes (Table 2 ). Except for the ARA level at 1 month after delivery, the strengths of the correlations were almost the same regardless of the time at which the maternal blood samples were drawn. 
Discussion
The present study showed that (1) DHA and ARA levels in maternal erythrocytes decreased with the progress of pregnancy, and then DHA decreased further after delivery, while ARA returned to the value at 27 weeks of pregnancy within four weeks after delivery; (2) for fatty acids in the n-3 and n-6 PUFA groups, the levels in maternal erythrocytes at 27, 30, and 36 weeks of pregnancy were significantly positively correlated with the corresponding fatty acid levels in umbilical cord erythrocytes, and the strengths of these correlations were almost the same regardless of the period that maternal blood was drawn.
DHA and ARA levels in maternal erythrocytes decreased significantly in the third trimester. In the previous reports examining changes in ARA levels in maternal erythrocytes during pregnancy, it was shown that ARA levels decreased from the second trimester to childbirth [16, [19] [20] [21] [22] [23] . Similar results have also been reported for DHA [16, 19, 32] . Generally, the decreases in the relative levels of ARA and DHA in maternal erythrocytes in the third trimester are thought to be due to accelerated transport of these fatty acids to the fetus [33] . On the other hand, several previous studies showed opposite results, with DHA levels in maternal blood being unchanged or increasing [18, [20] [21] [22] [23] [24] [25] . Under conditions of persistently low maternal DHA status, the DHA levels at delivery of the mother who bore premature infants and full-term-birth infants were almost the same [34] . This means that DHA in maternal blood did not decrease in the last part of the third trimester of pregnancy, and it was thought that there was no DHA transfer from the maternal stores to the fetus due to DHA deficiency. In another typical study, pregnant women of South India, who mostly do not consume fish, had lower DHA levels (approximately 2%) in their erythrocytes, but their erythrocyte DHA concentrations did not decline from the second to third trimesters [22] . It was suggested that the conversion of α-linolenic acid to DHA was increased during pregnancy as an adaptation to the very low ingestion of DHA in that population. The median DHA in maternal erythrocytes in the present study was high (approximately 7%). Therefore, DHA transfer to the fetus from the maternal stores must have occurred continuously just before childbirth. Further, it is hard to think that the conversion of α-linolenic acid to DHA was markedly increased as a compensatory action with insufficient maternal DHA stores. It was considered that the DHA decrease during the last trimester of pregnancy in these research subjects directly reflected DHA transfer to the fetus from the mother.
Moreover, the present study indicated that the DHA level in maternal erythrocytes at 1 month after delivery was significantly decreased compared to that during pregnancy, and the ARA level 
Moreover, the present study indicated that the DHA level in maternal erythrocytes at 1 month after delivery was significantly decreased compared to that during pregnancy, and the ARA level returned to the previous value observed at 27 weeks of pregnancy within four weeks after delivery. Similar changes were reported in several previous studies [23] [24] [25] [26] . The decreased DHA level might be caused by increased demand accompanying maternal milk secretion [26, 27, 35] . In the meantime, with respect to the decrease in the absolute value of plasma DHA from delivery to 3 months' postpartum, Stark et al. [25] suggested that there was no difference between breastfeeding and non-breastfeeding women. In the present subjects, no difference in DHA levels was also seen among breast-, bottle-, and mixed-feeding subjects. Even if a fish oil supplement were given to mothers, and their erythrocyte DHA levels were maintained at a high level during pregnancy, there have been reports of decreased DHA levels after childbirth [21] . These changes in DHA levels might be hormonally mediated [25, 36] . Previous studies have shown that it was possible to increase the activity of the desaturation and chain-elongation pathway by estrogen [37, 38] . It has also been reported that the activity of retroconversion of DHA to EPA differs between menopausal women on estrogen-replacement therapy and menopausal women not on estrogen-replacement therapy [39] . Thus, a hormone such as estrogen may have a large effect on fatty acid metabolism. Meanwhile, another report showed that the DHA status might be highly maintained during pregnancy by the conversion of EPA to DHA, and a decrease of this conversion occurs after delivery, causing the DHA in blood to also decrease after childbirth [25] . In any case, at this stage, the reasons for the decreased DHA after delivery observed in the present study are not clear. In the present subjects, exclusive bottle-feeding was observed in only four lactating women; therefore, further investigations with an increased number of participants are needed.
In the present study, levels of all fatty acids in the n-3 PUFA and n-6 PUFA groups in maternal and umbilical cord blood erythrocytes were positively correlated. A correlation between PUFA levels in the maternal blood and in the umbilical cord blood has been demonstrated [18, 20, [40] [41] [42] [43] . Regardless of the timing of maternal blood sampling, the PUFA level in maternal erythrocytes could predict the umbilical cord blood erythrocyte PUFA level from the viewpoint of individual differences within a population group. However, when attempting to predict erythrocyte PUFA levels in umbilical cord blood, it becomes an indispensable condition that the dietary habits from the period of drawing blood to the time of childbirth remain essentially the same, because it is known that EPA and DHA levels in blood tend to be affected by dietary fish intake [11, 13, 14] . When we predict PUFA levels in infants using maternal blood sampled during pregnancy, but not at the time of delivery, previous studies reported that PUFA levels in erythrocytes were better than plasma PUFA levels [20] . Indeed, erythrocytes were used in the present study. The present finding is important for epidemiological studies because maternal blood at delivery and umbilical cord blood can be lost due to various obstetric situations.
Conclusions
In conclusion, ARA and DHA levels in maternal blood decreased from the end of the second trimester to delivery, and then DHA decreased further after delivery. Further, the strengths of the correlations with the PUFA levels in maternal blood at every blood sampling period during pregnancy and in umbilical cord blood did not differ. The present findings in pregnant women showed that PUFA levels in maternal erythrocytes changed with the progress of pregnancy, but the erythrocyte PUFA level in maternal circulating blood from the end of the second trimester to delivery could be a reliable marker to predict fatty acid levels in newborn infants' circulating blood.
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